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Abstract
Signatures of the SO(5) × U(1) gauge-Higgs unification at LHC and future col-
liders are explored. The Kaluza-Klein (KK) mass spectra of γ, Z,ZR and the Higgs
self-couplings obey universality relations with the Aharonov-Bohm phase θH in the
fifth dimension. The current data at low energies and at LHC indicate θH < 0.2.
Couplings of quarks and leptons to KK gauge bosons are determined. Three neutral
gauge bosons, the first KK modes Z
(1)
R , Z
(1), and γ(1), appear as Z ′ bosons in dilep-
ton events at LHC. For θH = 0.114, the mass and decay width of Z
(1)
R , Z
(1), and γ(1)
are (5.73, 482), (6.07, 342), and (6.08 TeV, 886GeV), respectively. For θH = 0.073
their masses are 8.00∼ 8.61 TeV. An excess of events in the dilepton invariant mass
should be observed in the Z ′ search at the upgraded LHC at 14TeV.
1 INTRODUCTION
The discovery of the Higgs boson of a mass around 126GeV[1, 2] supports the scenario of
unification of forces and symmetry breaking envisioned in the standard model (SM) of elec-
troweak interactions. Experimental data so far are consistent with what the SM describes,
but more data are necessary to pin down whether or not the discovered boson is definitively
the Higgs boson in the SM. Other scenarios such as supersymmetric models[3, 4], little
Higgs models[5]-[8], composite Higgs models[9]-[16], warped extra-dimension models[17]-
[19], and UED models[20]-[26] have been proposed in anticipation of physics beyond the
SM. It is urgent to derive and predict new phenomena which can be observed and checked
in the experiments at the upgraded 14TeV LHC.
The gauge-Higgs unification is formulated in higher-dimensional gauge theory [27]-[32].
The four-dimensional Higgs boson appears as a part of the extra-dimensional component
of gauge fields, being unified with four-dimensional gauge fields such as W , Z and γ.
Dynamics of the Higgs boson are governed by the gauge principle. Most viable is the
SO(5) × U(1) gauge-Higgs unification in the Randall-Sundrum warped space[9],[33]-[37].
At low energies it yields almost the same physics as the SM, being consistent with LHC
data and others. Higgs couplings to gauge bosons, quarks and leptons at the tree level are
suppressed by a common factor cos θH , where θH is the Aharonov-Bohm phase in the extra
dimension[38]. All of the precision measurements[9, 39], the tree-unitary constraint[40],
and the Z ′ search[41]-[43] indicate θH < 0.2. Branching fractions of various decay modes
of the Higgs boson remain nearly the same as in the SM, and the signal strengths of the
Higgs decay modes relative to the SM are ∼ cos2 θH [37]. We note that though the gauge-
Higgs unification model has similarity to the composite Higgs models, it is more restrictive
and has more predictive power.
To distinguish the gauge-Higgs unification from the SM we examine the prediction of
new particles. It has been pointed out that the first Kaluza-Klein (KK) modes of Z and
γ, denoted as Z(1) and γ(1), must appear around 6TeV for θH ∼ 0.1. In this paper we
give detailed analysis of production of Z
(1)
R , Z
(1) and γ(1) at the upgraded LHC. Here ZR
is the gauge boson associated with SU(2)R, which does not have a zero mode. It will be
shown that Z
(1)
R , Z
(1) and γ(1) have large widths and can be seen as e+e− or µ+µ− signals.
Once their masses are determined, the value of θH is fixed from the universality relations,
which leads to further prediction of the Higgs self-couplings, etc.. Many other signals of
gauge-Higgs unification have been discussed in the literature[44]-[67].
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In Sec.2 the action of the model is given. In addition to quark-lepton multiplets in the
vector representation of SO(5), fermion multiplets in the spinor representation of SO(5)
are introduced to realize the observed unstable Higgs boson. In Sec.3 the effective potential
Veff(θH) is evaluated and relevant parameters of the model are determined. It is shown that
there appear universality relations among θH , the KK mass scale mKK, mZ(1)
R
, mZ(1) , mγ(1) ,
and Higgs cubic and quartic couplings. In Sec.4 dilepton (e+e−, µ+µ−) signals at LHC in
the so-called Z ′ search are examined. In the SO(5) × U(1) gauge-Higgs unification Z(1)R ,
Z(1) and γ(1) appear as Z ′ bosons. Their masses are around 6TeV (8TeV) for θH = 0.114
(0.073), and they have large decay widths. We show that they must be found in the
upgraded LHC at 14TeV. Sec.5 is devoted to conclusions. In the Appendixes we summarize
KK mass spectra, wave functions and gauge couplings of gauge fields, quark-leptons, and
SO(5)-spinor fermions.
2 MODEL
The model is defined in the Randall-Sundrum warped spacetime [17] with the metric
ds2 = GMNdx
MdxN = e−2σ(y)ηµνdx
µdxν + dy2 , (2.1)
where ηµν = diag(−1, 1, 1, 1), σ(−y) = σ(y), σ(y+2L) = σ(y) and σ(y) = k|y| for |y| ≤ L.
The Planck brane and TeV brane are located at y = 0 and y = L, respectively. In the
bulk region, 0 < y < L, the cosmological constant is given by Λ = −6k2. The warp factor
zL = e
kL is large; zL ≫ 1. The KK mass scale is given by mKK = πk/(zL − 1) ∼ πkz−1L .
In the fundamental region 0 ≤ y ≤ L the metric can be written, in terms of the conformal
coordinate z = eky, as
ds2 =
1
z2
(
ηµνdx
µdxν +
dz2
k2
)
. (2.2)
The gauge symmetry in the bulk region is given by SO(5)×U(1)X × SU(3)C with the
corresponding gauge fields AM , BM and GM and gauge couplings gA, gB and gC . Quark-
lepton multiplets Ψa are introduced in the vector representation 5 of SO(5), whereas
additional fermions ΨFi are introduced in the spinor representation 4 of SO(5)[34, 36, 37].
The SO(5) gauge symmetry is partially broken to SO(4) ≃ SU(2)L × SU(2)R by orbifold
boundary conditions. On the Planck brane at y = 0 (z = 1) there live right-handed brane
fermions χˆαR and brane scalar Φˆ, which are (2,1) and (1,2) representation of SU(2)L ×
SU(2)R, respectively. The brane interactions are manifestly gauge-invariant under SO(4)×
3
U(1)X × SU(3)C . The brane scalar Φˆ spontaneously breaks SU(2)R ×U(1)X to U(1)Y by
〈Φˆ〉 ≫ mKK, which, in turn, induces mixing among Ψa and χˆαR and makes all exotic
fermions acquire masses of O(mKK). The resultant theory at low energies (< 1TeV) has
the SM gauge symmetry SU(2)L × U(1)Y × SU(3)C with the SM matter content. All
SO(4)× U(1)X anomalies are cancelled. Finally the SU(2)L × U(1)Y gauge symmetry is
dynamically broken to U(1)EM by the Hosotani mechanism.
The bulk part of the action is given by
Sbulk =
∫
d5x
√−G
[
−tr
( 1
4
F (A)MNF
(A)
MN +
1
2ξA
(f
(A)
gf )
2 + L(A)gh
)
−
( 1
4
F (B)MNF
(B)
MN +
1
2ξB
(f
(B)
gf )
2 + L(B)gh
)
−tr
( 1
2
F (G)MNF
(G)
MN +
1
ξC
(f
(G)
gf )
2 + L(G)gh
)
+
∑
a
ΨaD(ca)Ψa +
nF∑
i=1
ΨFiD(cFi)ΨFi
]
,
D(c) = ΓAeAM
(
∂M +
1
8
ωMBC [Γ
B,ΓC ]
−igAAM − igBQXBM − igCQcolorGM)
)
− cσ′(y) . (2.3)
The gauge fixing and ghost terms are denoted as functionals with subscripts gf and gh,
respectively. F
(A)
MN = ∂MAN − ∂NAM − igA
[
AM , AN
]
, F
(B)
MN = ∂MBN − ∂NBM , and F (G)MN =
∂MGN−∂NGM−igC [GM , GN ]. The gauge fixing function is taken as f (A)gf = z2
{
ηµνDµAν+
ξAk
2zDcz(Aqz/z)
}
with a background field Acz (Az = A
c
z + A
q
z), B
c
z = G
c
z = 0. Q
color = 1 for
quark-multiplets and Qcolor = 0 otherwise. The SO(5) gauge fields AM are decomposed as
AM =
3∑
aL=1
AaLM T
aL +
3∑
aR=1
AaRM T
aR +
4∑
aˆ=1
AaˆMT
aˆ, (2.4)
where T aL,aR(aL, aR = 1, 2, 3) and T
aˆ(aˆ = 1, 2, 3, 4) are the generators of SO(4) ≃ SU(2)L×
SU(2)R and SO(5)/SO(4), respectively. The electric charge is given by
QEM = T
3L + T 3R +QX . (2.5)
In the fermion part Ψ = iΨ†Γ0 and ΓM matrices are given by
Γµ =
(
σµ
σ¯µ
)
, Γ5 =
(
1
−1
)
, σµ = (1, ~σ) , σ¯µ = (−1, ~σ) . (2.6)
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The cσ′(y) term in the action (2.3) gives a bulk kink mass. The dimensionless parameter
c plays an important role in controlling profiles of fermion wave functions.
The orbifold boundary conditions at y0 = 0 and y1 = L are given by(
Aµ
Ay
)
(x, yj − y) = Pvec
(
Aµ
−Ay
)
(x, yj + y)P
−1
vec ,
(
Bµ
By
)
(x, yj − y) =
(
Bµ
−By
)
(x, yj + y),
(
Gµ
Gy
)
(x, yj − y) =
(
Gµ
−Gy
)
(x, yj + y),
Ψa(x, yj − y) = PvecΓ5Ψa(x, yj + y),
ΨFi(x, yj − y) = (−1)jPspΓ5ΨFi(x, yj + y),
Pvec = diag (−1,−1,−1,−1,+1), Psp = diag (+1,+1,−1,−1). (2.7)
The SO(5) symmetry is reduced to SO(4) ≃ SU(2)L × SU(2)R by the orbifold boundary
conditions. At this stage the four-dimensional components of the five-dimensional gauge
fields have zero modes in SO(4)×U(1)X ×SU(3)C , whereas the extra-dimensional compo-
nents have zero modes in SO(5)/SO(4), Aaˆy or A
aˆ
z (a = 1, · · · , 4). The latter contains the
four-dimensional Higgs field, which is a doublet both in SU(2)L and in SU(2)R. Without
loss of generality one can set 〈Aaˆy〉 ∝ δa4 when the EW symmetry is spontaneously broken
by the Hosotani mechanism. The zero modes of Aaˆy (a = 1,2,3) are absorbed by W and Z
bosons. The four-dimensional neutral Higgs field H(x) is a fluctuation mode of the Wilson
line phase θH ,
A4ˆy(x, y) =
{
θHfH +H(x)
}
u˜H(y) + · · · ,
exp
{ i
2
θH · 2
√
2T 4ˆ
}
= exp
{
igA
∫ L
0
dy〈Ay〉
}
,
fH =
2
gA
√
k
z2L − 1
=
2
gw
√
k
L(z2L − 1)
. (2.8)
Here the wave function of the four-dimensional Higgs boson is given by u˜H(y) = [2k/(z
2
L−
1)]1/2e2ky for 0 ≤ y ≤ L and u˜H(−y) = u˜H(y) = u˜H(y + 2L). gw = gA/
√
L is the
dimensionless 4 dimensional SU(2)L coupling.
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Quark-lepton multiplets Ψa are in the vector representation of SO(5). They are decom-
posed into SO(4) vectors and singlets. One SO(4) vector multiplet contains two SU(2)L
doublets. In each generation
Ψ1 =
[(
T
B
)
,
(
t
b
)
, t′
]
2/3
, Ψ2 =
[(
U
D
)
,
(
X
Y
)
, b′
]
−1/3
,
Ψ3 =
[(
ντ
τ
)
,
(
L1X
L1Y
)
, τ ′
]
−1
, Ψ4 =
[(
L2X
L2Y
)
,
(
L3X
L3Y
)
, ν ′τ
]
0
, (2.9)
where the subscripts denote QX . We choose the bulk mass parameters such that c1 = c2
and c3 = c4 in each generation. With the boundary condition in (2.7), zero modes appear
in [
Q1L =
(
TL
BL
)
, qL =
(
tL
bL
)
, t′R
]
,
[
Q2L =
(
UL
DL
)
, Q3L =
(
XL
YL
)
, b′R
]
,
[
ℓL =
(
ντL
τL
)
, L1L =
(
L1XL
L1Y L
)
, τ ′R
]
,
[
L2L =
(
L2XL
L2Y L
)
, L3L =
(
L3XL
L3Y L
)
, ν ′τR
]
. (2.10)
On the Planck brane there exist the brane scalar Φˆ in (1,2) representation of SU(2)L×
SU(2)R with QX =
1
2
and the brane fermions in (2,1) representation of SU(2)L×SU(2)R.
χˆq1R =
(
TˆR
BˆR
)
7/6
, χˆq2R =
(
UˆR
DˆR
)
1/6
, χˆq3R =
(
XˆR
YˆR
)
−5/6
,
χˆl1R =
(
Lˆ1XR
Lˆ1Y R
)
−3/2
, χˆl2R =
(
Lˆ2XR
Lˆ2Y R
)
1/2
, χˆl3R =
(
Lˆ3XR
Lˆ3Y R
)
−1/2
, (2.11)
where the subscripts denote QX . χˆ
q
αR’s are SU(3)C triplets. With these brane fermions all
four-dimensional anomalies in SO(4)× U(1)X are cancelled[36].
The brane part of the action is given by
Sbrane =
∫
d5x
√−Gδ(y)
{
− (DµΦˆ)†DµΦˆ− λΦˆ(Φˆ†Φˆ− w2)2
+
3∑
α=1
(
χˆq†αR iσ¯
µDµχˆ
q
αR + χˆ
l†
αRiσ¯
µDµχˆ
l
αR
)
−i
[
κq1χˆ
q†
1RΨˇ1L
˜ˆ
Φ + κ˜qχˆq†2RΨˇ1LΦˆ + κ
q
2χˆ
q†
2RΨˇ2L
˜ˆ
Φ + κq3χˆ
q†
3RΨˇ2LΦˆ− (h.c.)
]
−i
[
κ˜lχˆl†3RΨˇ3L
˜ˆ
Φ + κl1χˆ
l†
1RΨˇ3LΦˆ + κ
l
2χˆ
l†
2RΨˇ4L
˜ˆ
Φ + κl3χˆ
l†
3RΨˇ4LΦˆ− (h.c.)
]}
,
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DµΦˆ =
(
∂µ − igA
3∑
aR=1
AaRµ T
aR − iQXgBBµ
)
Φˆ ,
DµχˆαR =
(
∂µ − igA
3∑
aL=1
AaLµ T
aL − iQXgBBµ − igCQcolorGµ
)
χˆαR ,
Ψˇ1L =
(
TL tL
BL bL
)
etc.,
˜ˆ
Φ = iσ2Φˆ
∗ . (2.12)
〈Φˆ〉 = (0, w)t 6= 0 breaks SU(2)R × U(1)X to U(1)Y . It also induces mass mixing on the
brane
Smassbrane =
∫
d5x
√−Gδ(y)
{
−
3∑
α=1
iµqα(χˆ
q†
αRQαL −Q†αLχˆqαR)− iµ˜q(χˆq†2RqL − q†Lχˆq2R)
−
3∑
α=1
iµlα(χˆ
l†
αRLαL − L†αLχˆlαR)− iµ˜l(χˆl†3RℓL − ℓ†Lχˆl3R)
}
,
µqα
κqα
=
µ˜l
κ˜q
=
µlα
κlα
=
µ˜l
κ˜l
= w , (2.13)
where µα, µ˜ define brane mass parameters. In the present paper we assume that the
brane interactions are diagonal in the generation of quarks and leptons. In this case all
of µα, µ˜ and w can be taken to be real and positive without loss of generality. As far as
µα, µ˜≫ mKK, only µ˜q/µq2 and µ˜l/µl3 become relevant at low energies.
As shown in Sec.3, the effective potential Veff(θH) is minimized at θH 6= 0, thereby
the electroweak symmetry breaking taking place. The gauge fields are expanded in KK
towers. In particular, four-dimensional components of the SO(5)×U(1)X gauge fields are
expanded, in the twisted gauge, as
Aµ(x, z) +
gB
gA
Bµ(x, z)TB = Wˆ
−
µ + Wˆ
+
µ + Zˆµ + Aˆ
γ
µ + Wˆ
−
Rµ + Wˆ
+
Rµ + ZˆRµ + Aˆ
4ˆ
µ . (2.14)
Here we have introduced TB such that Tr TB
2 = 1, Tr TBT
α = 0 and TrT αT β = δαβ
where T α’s are generators of SO(5) in the tensorial representation. The Wˆ±, Zˆ and Aˆγ
towers contain W±, Z and γ. The other towers do not contain light modes. Each of the
Wˆ+, Wˆ−, Zˆ towers splits into two KK towers at θH = 0. In all, (2.14) contains 11 KK
towers. Details of wave functions of each KK tower are tabulated in Appendix B.
The fermion ΨFi are introduced in the spinor representation of SO(5) unlike other
fields in the bulk which are in the vector or adjoint representations[37]. As explained in
7
the next section, the existence of ΨFi in addition to the other bulk fields leads to nontriv-
ial dependence of the effective potential Veff(θH) on θH and to the instability of the four-
dimensional Higgs boson. The boundary condition ΨFi(x, yj−y) = (−1)jPspΓ5ΨFi(x, yj+y)
in (2.7) implies that there is no zero mode for θH = 0 and that the lowest KK modes
of ΨFi(x, z) dominantly couple to the SU(2)R gauge bosons. If the boundary condition
ΨFi(x, yj − y) = (−1)j+1PspΓ5ΨFi(x, yj + y) were taken, then the lowest KK modes of
ΨFi(x, z) would dominantly couple to the SU(2)L gauge bosons. The lowest, neutral com-
ponent of ΨFi turns out stable and becomes the dark matter of the Universe, as will be
explained in a separate paper[67]. For this reason the SO(5)-spinor fermion ΨFi is called
a dark fermion.
3 HIGGS BOSON AND THE UNIVERSALITY
As explained in (2.8), the extra-dimensional component Az = (kz)
−1Ay contains the four-
dimensional Higgs field,
A4ˆz(x, z) =
{
θHfH +H(x)
}
uH(z) + · · · ,
uH(z) =
√
2
k(z2L − 1)
z for 1 ≤ z ≤ zL . (3.1)
The value of θH is determined by the location of the global minimum of the effective
potential Veff(θH). The Higgs boson mass is given by
m2H =
1
f 2H
d2Veff
dθ2H
∣∣∣∣
min
. (3.2)
In this section we explain how the parameters of the model are determined, and show that
universality relations appear among θH , the KK mass mKK, the masses of Z
(1) and γ(1),
and the Higgs self-couplings[37].
3.1 Veff(θH)
Let us first consider the case in which all SO(5)-spinor fermions (dark fermions) ΨFi are
degenerate at the tree level, i.e. cFi = cF (i = 1, · · · , nF ). At the one-loop level only the
KK towers whose mass spectra depend on θH contribute to the effective potential Veff(θH).
Those spectra are given by (B.6) for the W tower, (B.8) for the Z tower, (B.22) for the
D tower, (C.4) for the top quark tower, (C.7) for the bottom quark tower, and (C.9) for
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the F tower or the dark fermions. Contributions of other quarks and leptons turn out
exponentially suppressed and negligible.
The relevant parameters of the model are k, zL, gA, gB, ct, µ˜/µ2, cF and nF , from which
Veff(θH) is determined. Other brane mass parameters are irrelevant so long as µα, µ˜, w ≫
mKK. These eight parameters are chosen such that mZ , αw, sin
2 θW , mt, mb, and mH
take the observed values[68]. (To be precise, sin2 θW is determined by global fit.) This
procedure leaves two parameters, say zL and nF , free. The procedure is highly involved
as everything must be determined at the global minimum of Veff(θH), which, however, is
to be found after all parameters are specified. In other words, all parameters must be
determined self-consistently.
First we note that with those given parameters, the one–loop effective potential is given
by
Veff(θH , ct, rt, cF , nF , k, zL, θW ; ξ) = 2(3− ξ2)I[QW ] + (3− ξ2)I[QZ ] + 3ξ2I[QD]
−12{I[Qtop] + I[Qbottom]} − 8nF I[QF ] ,
I[Q(q; θH)] =
(kz−1L )
4
(4π)2
∫ ∞
0
dq q3ln{1 +Q(q; θH)} ,
QW = cos
2 θWQZ =
1
2
QD =
1
2
Q0[q;
1
2
] sin2 θH ,
Qtop =
Qbottom
rt
=
Q0[q; ct]
2(1 + rt)
sin2 θH ,
QF = Q0[q; cF ] cos
2 1
2
θH ,
Q0[q; c] =
zL
q2Fˆc− 1
2
,c− 1
2
(qz−1L , q)Fˆc+ 12 ,c+
1
2
(qz−1L , q)
,
Fˆα,β(u, v) = Iα(u)Kβ(v)− e−i(α−β)πKα(u)Iβ(v) , (3.3)
where rt = (µ˜/µ2)
2 and Kα and Iα are modified Bessel functions. In the following we take
the ’t Hooft–Feynman gauge ξ = 1.
We adopt the following algorithm to find consistent solutions. We fix the two parameters
zL and nF .
1. Suppose that the minimum of Veff is located at θH = θ1. Equation (B.8) and sin
2 θW
determine λZ(0), which fixes k by the Z boson mass mZ = λZ(0)k.
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2. ct and rt are determined from (C.4) and (C.7) such that the observed masses of the
top and bottom quarks are reproduced.
3. Now Veff(θH) in (3.3) is evaluated with cF being a parameter. cF is determined by
the condition
dVeff
dθH
∣∣∣∣
θ1
= 0 , (3.4)
which assures that the minimum of Veff(θH) is located at θ1.
4. With these parameters the Higgs boson mass mH is evaluated from (3.2). This gives
mH(θ1), which, in general, differs from the observed value mH = 126GeV.
5. We vary the value θ1 and repeat the procedure from step 1 until we get mH(θ1) =
126GeV.
In this manner the value θH = θ1 at the minimum is determined as θH(zL, nF ). All other
quantities such as the mass specta of all KK towers, gauge couplings of all particles, and
Yukawa couplings of all fermions are determined as functions of zL, nF . Determined values
for θH , mKK, mZ(1) , etc. are tabulated in Table 1 in the case of nF = 5.
Smaller ct and cF correspond to heavier masses of the top quark and dark fermions
F+(1) and F 0(1) and give larger contributions to Veff(θH). As nF gets larger, cF (mF (1))
becomes larger (smaller) with fixed mH , as the contribution from each dark fermion to Veff
becomes small. Given nF , only a limited region for zL is allowed. For nF = 1, 2, 3 one
cannot reproduce the Higgs mass 126GeV when zL becomes too small. When nF ≥ 4, one
cannot reproduce the top quark mass for zL < 10
4.
Table 1: Parameters and masses in the case of degenerate dark fermions with nF = 5. All
masses and k are given in units of TeV.
zL θH mKK k ct cF mF (1) mZ(1)
R
mZ(1) mγ(1)
109 0.473 2.50 7.97× 108 0.376 0.459 0.353 1.92 1.97 1.98
108 0.351 3.13 9.97× 107 0.357 0.445 0.502 2.40 2.48 2.48
107 0.251 4.06 1.29× 107 0.330 0.430 0.735 3.11 3.24 3.24
106 0.172 5.45 1.74× 106 0.292 0.410 1.11 4.17 4.37 4.38
105 0.114 7.49 2.38× 105 0.227 0.382 1.75 5.73 6.07 6.08
104 0.0730 10.5 3.33× 104 0.0366 0.333 2.91 8.00 8.61 8.61
Dark fermions may not be degenerate. Suppose that nhF multiplets have the bulk mass
cFi = c
h
F , and n
l
F multiplets have cFi = c
l
F . Small difference between c
h
F and c
l
F can yield a
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substantial difference in masses, whereas Veff(θH) is almost unaffected. For instance, when
nF = n
h
F + n
l
F = 5, a difference c
l
F − chF = 0.01(0.03) leads to mFh −mFl = 30 to 80GeV
(80 to 240GeV). The dark fermion masses m
F
(1)
h
and m
F
(1)
l
in the case of (nhF , n
l
F ) = (3, 2)
and clF − chF = 0.03 are tabulated in Table 2. It is found that the numerical values of mKK,
k, ct, mZ(1)
R
, mZ(1) , and mγ(1) are the same as those in Table 1 to the accuracy of three
digits.
Table 2: Parameters and masses in the case of nondegenerate dark fermions with (nhF , n
l
F ) =
(3, 2) and clF − chF = 0.03. Masses are given in units of TeV. The values of mKK, k, ct,
mZ(1) , mZ(1)
R
, and mγ(1) are the same in three digits as those in Table 1 in the degenerate
case.
zL θH c
h
F mF (1)
h
m
F
(1)
l
109 0.473 0.447 0.384 0.304
108 0.351 0.434 0.540 0.444
107 0.251 0.418 0.781 0.663
106 0.172 0.398 1.17 1.02
105 0.114 0.370 1.83 1.64
104 0.0730 0.321 3.01 2.77
3.2 The universality
As described above, various quantities such as θH , mKK, the mass spectra, Higgs cubic and
quartic self-couplings λ3, λ4, and Yukawa couplings are determined as functions of zL and
nF in the case of degenerate dark fermions. In other words they depend not only on zL,
but also on how dark fermions are introduced, which could spoil the predictability of the
model. Surprisingly it has been found in Ref. [37] that universal relations are held among
θH , mKK, mZ(1)
R
, mZ(1) , mγ(1) , λ3, and λ4 irrespective of nF . This property is called the
universality. It implies that once one of these quantities is determined from experiments,
then other quantities are predicted, irrespective of the details of the dark fermion sector.
The mass spectrum of dark fermions, mF (1) , on the other hand, sensitively depends on nF .
It is most enlightening to express these universal relations as functions of θH . The
masses mKK, mZ(1)
R
, mZ(1) , mγ(1) are expressed in the form of
mKK ∼ 1352GeV
(sin θH)0.786
,
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m
Z
(1)
R
∼ 1038GeV
(sin θH)0.784
,
mZ(1) ∼
1044GeV
(sin θH)0.808
,
mγ(1) ∼
1056GeV
(sin θH)0.804
. (3.5)
The relation between θH and mZ(1) is plotted in Fig. 1 for nF = 0, 1, 3, 6. One can see that
the curve is universal, independent of nF . (The case of nF = 0 corresponds to θH =
1
2
π
and the stable Higgs boson.)
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Figure 1: θH vs mZ(1) for mH = 126GeV with nF degenerate dark fermions.
Similarly the Higgs cubic and quartic self-couplings, λ3 and λ4 are plotted against θH
for nF = 0, 1, 3, 9 in Fig. 2. The fitting curves are given by
λ3/GeV = 26.7 cos θH + 1.42(1 + cos 2θH) ,
λ4 = −0.0106 + 0.0304 cos 2θH + 0.00159 cos 4θH . (3.6)
These numbers should be compared with λSM3 = 31.5GeV and λ
SM
4 = 0.0320 in the SM.
We note that the effective potential Veff(θH) is bounded from below so that the negative
λ4 for θH > 0.6 does not cause the instability. In the gauge-Higgs unification there is no
instability problem in the Higgs couplings.
It should be noted that no universality is found in the mass spectrum of the dark
fermions. The mass mF (1) is plotted in Fig. 3 for various nF .
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Figure 2: θH vs λ
H
3 and λ
H
4 for mH = 126GeV with nF degenerate dark fermions. In the
SM λSM3 = 31.5GeV and λ
SM
4 = 0.0320. The fitting curves are given by (3.6).
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Figure 3: θH vs mF for mH = 126GeV with nF degenerate dark fermions.
The universality relations are determined with the fixed Higgs boson mass mH . If mH
were smaller or larger than the observed value, the universality relations would slightly
change. The KK mass scale mKK increases as mH . The fitting curve is parmetrized as
mKK = α/| sin θH |β with given mH . The values of α and β for various mH are tabulated
in Table 3. We plotted mKK(θH) for mH = 110, 126, 140GeV in Fig. 4.
We stress that the universality leads to powerful predictions. Once the value of θH is
determined from, say, mZ(1), many other quantities are predicted for experimental confir-
mation. The gauge-Higgs unification scenario is very predictive.
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Figure 4: θH vs mKK with various values of mH .
Table 3: Universality relation mKK = α/| sin θH |β with various value of mH .
mH(GeV) α(TeV) β
110 1.20 0.733
120 1.30 0.766
126 1.35 0.786
130 1.39 0.800
140 1.49 0.820
4 e+e−, µ+µ− EVENTS IN THE Z ′ SEARCH
One of the distinctive predictions of the SO(5)×U(1) gauge-Higgs unification is the exis-
tence of the KK excited modes of Z and γ. Independent of the details of the dark fermion
sector the universality predicts that mZ(1), mγ(1) ∼ 6TeV (3TeV) for θH = 0.1 (0.2) as
depicted in Fig. 1. Z(1) and γ(1) partially decay to e+e− or µ+µ−, which should appear as
clear signals in the Z ′ search at LHC[69]-[74]. We evaluate the production and decay rates
of those particles.
In our model there are four kinds of neutral gauge bosons at the TeV scale. [See
Eq. (2.14]. They are the first KK mode of Z boson, Z(1), the first KK mode of photon,
γ(1), the Z
(1)
R boson and the A
4ˆ boson. Among them the A4ˆ boson does not couple to SM
particles so that it escapes from detection in the Z ′ search. Z(1), γ(1), and Z
(1)
R are the
candidates for Z ′ bosons.
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4.1 Couplings and decay widths
To evaluate the production and decay rates of Z ′ bosons we need to know four-dimensional
Z ′ couplings of quarks and leptons. They are obtained from the five-dimensional gauge
interaction terms by inserting wave functions of gauge bosons and quarks or leptons and
integrating over the fifth-dimensional coordinate. The couplings of the photon, Z boson
and Z
(1)
R boson towers can be written as
L ⊃
∑
n,i
Aγ(n)µ
[
gγ
(n)
uiL u¯
ii
Lγ
µuiL + g
γ(n)
uiR u¯
i
Rγ
µuiR + g
γ(n)
diL d¯
i
Lγ
µdiL + g
γ(n)
diR d¯
i
Rγ
µdiR
+gγ
(n)
eiL e¯
i
Lγ
µeiL + g
γ(n)
eiR e¯
i
Rγ
µeiR
]
+
∑
n,i
Z(n)µ
[
gZ
(n)
uiL u¯
i
Lγ
µuiL + g
Z(n)
uiR u¯
i
Rγ
µuiR + g
Z(n)
diL d¯
i
Lγ
µdiL + g
Z(n)
diR d¯
i
Rγ
µdiR
+gZ
(n)
νiL ν¯
i
Lγ
µνiL + g
Z(n)
νiR ν¯
i
Rγ
µνiR + g
Z(n)
eiL e¯
i
Lγ
µeiL + g
Z(n)
eiR e¯
i
Rγ
µeiR
]
+
∑
n,i
Z
(n)
Rµ
[
g
Z
(n)
R
uiL u¯
i
Lγ
µuiL + g
Z
(n)
R
uiR u¯
i
Rγ
µuiR + g
Z
(n)
R
diL d¯
i
Lγ
µdiL + g
Z
(n)
R
diR d¯
i
Rγ
µdiR
+g
Z
(n)
R
νiL ν¯
i
Lγ
µνiL + g
Z
(n)
R
νiR ν¯
i
Rγ
µνiR + g
Z
(n)
R
eiL e¯
i
Lγ
µeiL + g
Z
(n)
R
eiR e¯
i
Rγ
µeiR
]
(4.1)
where the superscript i denotes the generation, i.e., (u1, u2, u3) = (u, c, t), etc. Explicit
formulas for the gauge couplings are given in Appendix D. The relevant couplings of the
Z ′ bosons are tabulated in Table 4 and Table 5.
Table 4: Masses, total decay widths and couplings of the Z ′ bosons to SM particles in the
first generation for θH = 0.114. Couplings to µ are approximately the same as those to e.
Z ′ m(TeV) Γ(GeV) gZ
′
uL g
Z′
dL g
Z′
eL g
Z′
uR g
Z′
dR g
Z′
eR
Z 0.0912 2.44 0.257 −0.314 −0.200 −0.115 0.0573 0.172
Z
(1)
R 5.73 482 0 0 0 0.641 −0.321 −0.978
Z(1) 6.07 342 −0.0887 0.108 0.0690 −0.466 0.233 0.711
γ(1) 6.08 886 −0.0724 0.0362 0.109 0.846 −0.423 −1.29
Z(2) 9.14 1.29 −0.00727 0.00889 0.00565 −0.00548 0.00274 0.00856
The decay width of the Z ′ boson is given by
ΓZ′ =
∑
i
mZ′
12π
((
gZ
′
iL
)2
+
(
gZ
′
iR
)2
2
+ 2gZ
′
iLg
Z′
iR
m2i
m2Z′
)√
1− 4m
2
i
m2Z′
. (4.2)
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Table 5: Masses, total decay widths and couplings of the Z ′ bosons to SM particles in the
first generation for θH = 0.073.
Z ′ m(TeV) Γ(GeV) gZ
′
uL g
Z′
dL g
Z′
eL g
Z′
uR g
Z′
dR g
Z′
eR
Z
(1)
R 8.00 553 0 0 0 0.588 −0.294 −0.896
Z(1) 8.61 494 −0.100 0.123 0.0780 −0.426 0.213 0.650
γ(1) 8.61 1.04×103 −0.0817 0.0408 0.123 0.775 −0.388 −1.18
Here i runs over all fermions including SM fermions and dark fermions. The contribution
of its decay to W+W− is very small and can be neglected[59]. The evaluated ΓZ′ for
θH = 0.114 is summarized in Table 4. It is seen that all of Z
(1)
R , Z
(1), and γ(1) have large
decay widths (300 ∼ 900GeV) in quite contrast to the narrow width of the Z boson. It is
mainly due to the large couplings of right-handed quarks and leptons.
4.2 Production at LHC
In our study, we calculate the dilepton production cross sections through the Z ′ boson
exchange together with the SM processes mediated by the Z boson and photon. The
dependence of the cross section on the final state dilepton invariant mass Mℓℓ is described
as
dσ(pp→ ℓ+ℓ−X)
dMℓℓ
=
∑
q
∫ 1
−1
d cos θ
∫ 1
M2
ℓℓ
E2
CMS
dx1
2Mℓℓ
x1E
2
CMS
× fq(x1,M2ℓℓ)fq¯
(
M2ℓℓ
x1E2CMS
,M2ℓℓ
)
dσ(q¯q → ℓ+ℓ−)
d cos θ
, (4.3)
where ECMS is the center-of-mass energy of the LHC and fq’s are the parton distribution
functions(PDFs) for q quark. In our numerical analysis, we employ CTEQ5M [75] for the
PDFs. Formulas to calculate dσ(q¯q → ℓ+ℓ−)/d cos θ are listed in Appendix E.
Figure 5 shows the differential cross section for pp→ µ+µ− together with the SM cross
section mediated by the Z boson and photon for θH = 0.114 (nF = 5, zL = 10
5). The
deviation from the SM is very small below 3 TeV because the couplings of the Z boson or
photon to SM fermions are almost the same as in the SM. For this reason it is difficult to
see the signals of the gauge-Higgs unification at 8 TeV LHC experiments. In the case of
θH = 0.251 (nF = 5, zL = 10
7), the deviation from the SM is large. The Z ′ masses are
around 3 TeV (See Table 1.) and the decay widths of Z
(1)
R ,Z
(1) and γ(1) are 341, 221 and
16
629 GeV. The masses of Z ′ bosons are heavier than the plot range of Fig. 5. However the
decay widths of Z ′ bosons are very wide and the deviation from the SM is large. Therefore
the θH = 0.251 case is excluded by the 8 TeV LHC experiments.
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Figure 5: The differential cross section multiplied by an integrated luminosity of 20.6 fb−1
for pp → µ+µ−X at the 8 TeV LHC for θH = 0.114 (red solid curve) and for θH = 0.251
(blue dashed curve). The black dashed line represents the SM background.
On the other hand, at 14 TeV LHC experiments, we expect the signals. Figure 6 shows
the differential cross section dσ/dMµµ in the range 3TeV < Mµµ < 9TeV for θH = 0.114
and 0.073. The contributions from Z(2) boson and higher KK modes are negligible because
the couplings are very small and the widths are very narrow (see Table 4). One sees a very
large deviation from the SM, which can be detected at the upgraded LHC.
5 CONCLUSIONS
In the present paper we have explored LHC signals of the SO(5) × U(1) gauge-Higgs
unification, particularly dilepton events associated with the production and decay of the Z ′
bosons at 14TeV LHC. In the SO(5)×U(1) gauge-Higgs unification the four-dimensional
Higgs boson appears as a part of the extra-dimensional component of the SO(5) gauge
fields, and the quark or lepton multiplets are introduced in the vector representation of
SO(5). In addition, dark fermions are introduced in the spinor representation of SO(5),
which are vital to realize the observed unstable Higgs boson.
The four-dimensional Higgs boson is the fluctuation mode of the Aharonov-Bohm phase
θH in the fifth dimension. The phase θH , determined by the location of the global minimum
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Figure 6: The differential cross section for pp → µ+µ−X at the 14 TeV LHC for θH =
0.114 (red solid curve) and for θH = 0.073 (blue dashed curve) . The nearly straight line
represents the SM background.
of the effective potential Veff(θH), plays an important role in determining the couplings
among gauge boson, quarks and leptons, and the Higgs boson. It has been known that the
value θH < 0.2 is consistent with the data at low energies.
The shape of Veff(θH), and therefore the location of global minimum θH , sensitively
depends on the details of the dark fermion sector, which could spoil the predictabil-
ity of the gauge-Higgs unification scenario. On the contrary, we have shown that there
holds the universality in the relations among mKK, mZ(1), mγ(1) , mZ(1)
R
, λ3, λ4 and
θH , irrespective of the details of the dark fermion sector. For instance, one finds that
mZ(1)(θH) ∼ 1044GeV/(sin θH)0.804. The universality implies that once the value of, say,
mZ(1) is determined from experiments, then other quantities such as λ3 and λ4 are predicted
to be tested.
In the SO(5)×U(1) gauge-Higgs unification the three gauge bosons, Z(1)R , Z(1), and γ(1),
appear as Z ′ bosons in dilepton events at LHC. It is interesting that the masses of these
bosons turn out around 6 (8TeV) for θH = 0.114 (0.073), which is exactly in the region
explored at the 14TeV LHC. As right-handed quarks and leptons have large couplings to
those Z ′ bosons, the widths of those bosons become large; the decay widths of Z
(1)
R , Z
(1)
and γ(1) are 482, 342 and 886GeV (553, 494GeV and 1.04TeV) for θH = 0.114 (0.073).
Notice the relatively large ratio of width/mass = 0.06 ∼ 0.15 in contrast to that of the Z
boson. As the difference in masses of Z(1) and γ(1) is small, there should appear two peaks
in dilepton events. Due to the large widths the excess of events over those expected in
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the SM should be seen in much wider range of energies. For θH = 0.114, for instance, an
excess due to the broad widths of the Z ′ resonances should be observed above 3TeV in the
dilepton invariant mass. The discovery of the Z ′ bosons in the 3 - 9TeV range would give
strong support for the gauge-Higgs unification, signaling the existence of extra dimensions.
In the present paper we have focused on the LHC signals classified in the universality
class, specifically on the Z ′ events. There are other collider signals [76]-[81] such as the
forward-backward asymmetry (at Tevatron) and the charge asymmetry (at LHC) in tt¯ pair
production and QCD parity violation at LHC[82]-[86]. We hope to report on these issues
in the near future.
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A BASE FUNCTIONS
Mode functions for KK towers are expressed in terms of Bessel functions. For gauge fields
we define
C(z;λ) =
π
2
λzzLF1,0(λz, λzL) , C
′(z;λ) =
π
2
λ2zzLF0,0(λz, λzL) ,
S(z;λ) = −π
2
λzF1,1(λz, λzL) , S
′(z;λ) = −π
2
λ2zF0,1(λz, λzL) ,
Sˆ(z;λ) =
C(1;λ)
S(1;λ)
S(z;λ) ,
Fα,β(u, v) = Jα(u)Yβ(v)− Yα(u)Jβ(v) . (A.1)
These functions satisfy
C(zL;λ) = zL , C
′(zL;λ) = 0 , S(zL;λ) = 0 , S
′(zL;λ) = λ ,
CS ′ − SC ′ = λz . (A.2)
For fermions with a bulk mass parameter c we define(
CL
SL
)
(z;λ, c) = ±π
2
λ
√
zzLFc+ 1
2
,c∓ 1
2
(λz, λzL) ,
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(
CR
SR
)
(z;λ, c) = ∓π
2
λ
√
zzLFc− 1
2
,c± 1
2
(λz, λzL) . (A.3)
They satisfy
D+(c)
(
CL
SL
)
= λ
(
SR
CR
)
, D−(c)
(
CR
SR
)
= λ
(
SL
CL
)
,
D±(c) = ± d
dz
+
c
z
, (A.4)
and
CR = CL = 1 , SR = SL = 0 for z = zL ,
CLCR − SLSR = 1 , SL(z;λ,−c) = −SR(z;λ, c) . (A.5)
B KK TOWERS OF BOSONIC FIELDS
B.1 Twisted gauge
To find the spectrum and wave function of each KK mode for θH 6= 0, it is convenient to
move to the twisted gauge in which 〈A˜z〉 = 0. This is achieved by a gauge transformation
A˜M = ΩAMΩ
−1 + 1/gAΩ∂MΩ
−1 with ∂zΩ = −igAΩ〈Az〉;
Ω = exp
{
igAθHfHT
4ˆ
∫ L
y
dy uH(y)
}
= exp
{
iθH
z2L − z2
z2L − 1
√
2T 4ˆ
}
for 1 ≤ z ≤ zL . (B.1)
The orbifold boundary condition matrices Pj at y = yj [(y0, y1) = (0, L)] change from Pj
to P˜j = Ω(yj − y)P0Ω(yj + y)−1. Ω in (B.1) has been chosen such that Ω|y=L = 1 and the
orbifold boundary condition at the TeV brane remains unchanged. On the other hand, the
orbifold boundary condition matrix P0 changes to P˜0 = Ω(−y)P0Ω(y)−1;
P˜ vec0 =


−1
−1
−1
− cos 2θH sin 2θH
sin 2θH cos 2θH

 ,
P˜ sp0 =
(
cos θH −i sin θH
i sin θH − cos θH
)
⊗ I2 . (B.2)
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In the twisted gauge the fields satisfy free equations at the tree level, but obey the θH-
dependent boundary condition specified by (B.2). Wave functions of the four-dimensional
components of the gauge fields are expressed in terms of either C(z;λ) or S(z;λ) in (A.1),
depending on the boundary condition (Neumann or Dirichelet) at the TeV brane. Wave
functions of the fifth-dimensional components of the gauge fields, on the other hand, are
expressed in terms of either C ′(z;λ) or S ′(z;λ). The boundary condition at the Planck
brane at z = 1 mixes fields through (B.2) and determines eigenvalues {λn} in each KK
tower.
B.2 KK towers of Aµ and Bµ
Aµ(x, z) and B
X
µ (x, z) are expanded in KK towers.
A˜µ(x, z) +
gB
gA
Bµ(x, z)TB
= Wˆ−µ + Wˆ
+
µ + Zˆµ + Aˆ
γ
µ + Wˆ
−
Rµ + Wˆ
+
Rµ + ZˆRµ + Aˆ
4ˆ
µ , (B.3)
where
Wˆ∓µ =
∑
n
W (n)∓µ (x)
{
hLW (n)
T 1L ∓ iT 2L√
2
+ hRW (n)
T 1R ∓ iT 2R√
2
+ hˆW (n)
T 1ˆ ∓ iT 2ˆ√
2
}
,
Zˆµ =
∑
n
Z(n)µ (x)
{
hLZ(n)T
3L + hRZ(n)T
3R + hˆZ(n)T
3ˆ +
gB
gA
hBZ(n)TB
}
,
Aˆγµ =
∑
n
Aγ(n)µ (x)
{
hLγ(n)T
3L + hRγ(n)T
3R +
gB
gA
hBγ(n)TB
}
,
Wˆ∓Rµ =
∑
n
W
(n)∓
Rµ (x)
{
hL
W
(n)
R
T 1L ∓ iT 2L√
2
+ hR
W
(n)
R
T 1R ∓ iT 2R√
2
}
,
ZˆRµ =
∑
n
Z
(n)
Rµ (x)
{
hL
Z
(n)
R
T 3L + hR
Z
(n)
R
T 3R +
gB
gA
hB
Z
(n)
R
TB
}
,
Aˆ4ˆµ =
∑
n
A4ˆ(n)µ (x)hˆA4ˆ(n)T
4ˆ,
Wˆ± =
Wˆ 1 ∓ iWˆ 2√
2
, Wˆ±R =
Wˆ 1R ∓ iWˆ 2R√
2
. (B.4)
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The two gauge coupling constants are related to the weak mixing angle θW by
cφ =
gA√
g2A + g
2
B
, sφ =
gB√
g2A + g
2
B
, cos θW =
1√
1 + s2φ
. (B.5)
The KK spectrum and corresponding wave functions for each tower are summarized as
follows.
W tower The spectrum of the W tower is given by
2S(1;λW (n))C
′(1;λW (n)) + λW (n) sin
2 θH = 0 . (B.6)
which includes the W boson as the lowest mode W =W (0). The mode functions are
hLW (n)(z)hR
W (n)
(z)
hˆW (n)(z)

 = 1√
2 rW (n)

(1 + cos θH)C(z;λW (n))(1− cos θH)C(z;λW (n))
−√2 sin θH Sˆ(z;λW (n))

 ,
rW (n) =
∫ zL
1
dz
kz
{
(1 + cos2 θH)C(z;λW (n))
2 + sin2 θH Sˆ(z;λW (n))
2
}
. (B.7)
Z tower KK spectrum of the Z tower is given by
2S(1;λZ(n))C
′(1;λZ(n)) + (1 + s
2
φ)λZ(n) sin
2 θH = 0 , (B.8)
which includes the Z boson Z = Z(0). The mode functions of the Z tower are

hL
Z(n)
(z)
hR
Z(n)
(z)
hˆZ(n)(z)
hB
Z(n)

 = 1√1 + s2φ
1√
2 rZ(n)


{
(1 + s2φ)(1 + cos θH)− 2s2φ
}
C(z;λZ(n)){
(1 + s2φ)(1− cos θH)− 2s2φ
}
C(z;λZ(n))
−√2(1 + s2φ) sin θH Sˆ(z;λZ(n))
−2sφcφC(z;λZ(n))

 ,
rZ(n) =
∫ zL
1
dz
kz
{
c2φC(z;λZ(n))
2
+ (1 + s2φ)[cos
2 θHC(z;λZ(n))
2 + sin2 θH Sˆ(z;λZ(n))
2
}
. (B.9)
Photon tower The spectrum of the photon tower is given by
C ′(1;λγ(n)) = 0 , (B.10)
which includes a massless photon λγ(0) = 0. The mode functions are

hL
γ(n)
(z)
hR
γ(n)
(z)
hB
γ(n)

 = 1√
1 + s2φ
1√
rγ(n)

sφC(z;λγ(n))sφC(z;λγ(n))
cφ

C(z;λγ(n)),
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rγ(n) =
∫ zL
1
dz
kz
C(z;λγ(n))
2. (B.11)
In particular for the photon γ = γ(0),
hLγ (z)hRγ (z)
hBγ

 = 1√
(1 + s2φ)L

sφsφ
cφ

 . (B.12)
WR tower The spectrum of the WR tower is given by
C(1;λ
W
(n)
R
) = 0 , (B.13)
The corresponding mode functions are(
hL
W
(n)
R
(z)
hR
W
(n)
R
(z)
)
=
1√
2 r
W
(n)
R
(
+1− cos θH
−1− cos θH
)
C(z;λ
W
(n)
R
) ,
r
W
(n)
R
=
∫ zL
1
dz
kz
C(z;λ
W
(n)
R
)2 . (B.14)
ZR tower The spectrum of the ZR tower is given by
C(1;λ
Z
(n)
R
) = 0 , (B.15)
turning out identical to the WR tower spectrum, λZ(n)
R
= λ
W
(n)
R
. The corresponding mode
functions are

hL
Z
(n)
R
(z)
hR
Z
(n)
R
(z)
hB
Z
(n)
R

 = 1√
1 + (1 + 2t2φ) cos
2 θH
√
2 r
Z
(n)
R

− cos θH − 1− cos θH + 1
2tφ cos θH

C(z;λ
Z
(n)
R
) ,
r
Z
(n)
R
=
∫ zL
1
dz
kz
C(z;λ
Z
(n)
R
)2 = r
W
(n)
R
, tφ ≡ sφ
cφ
. (B.16)
A4ˆ tower The spectrum and wave functions of A4ˆ tower are
S(1;λA4ˆ(n)) = 0 , (B.17)
hA4ˆ(n)(z) =
1√
rA4ˆ(n)
S(z;λA4ˆ(n)), rA4ˆ(n) =
∫ zL
1
dz
kz
S(z;λA4ˆ(n))
2 . (B.18)
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B.3 KK towers of Az and Bz
Az(x, z) and Bz(x, z) are expanded in KK towers as
A˜z(x, z) =
3∑
a=1
Gˆa +
3∑
a=1
Dˆa + Hˆ,
Gˆa =
∑
n
Ga(n)(x)
{
uLG(n)T
aL + uRG(n)T
aR
}
,
Dˆa =
∑
n
Da(n)(x)
{
uLD(n)T
aL + uRD(n)T
aR + uˆD(n)T
aˆ
}
,
Hˆ =
∑
n
H(n)(x)uH(n)T
4ˆ,
Bz(x, z) =
∑
n
B(n)(x)uB(n)TB . (B.19)
G tower The G tower spectrum and corresponding mode functions are given by
C ′(1;λG(n)) = 0, λG(n) 6= 0. (B.20)
uLG(n) = u
R
G(n) =
1√
2
1√
rG(n)
C ′(z;λG(n)),
rG(n) =
∫ zL
1
kdz
z
C ′(z;λG(n))
2. (B.21)
D tower The spectrum of the D tower is given by
S(1;λD(n))C
′(1;λD(n)) + λD(n) sin
2 θH
= C(1;λD(n))S
′(1;λD(n))− λD(n) cos2 θH = 0 . (B.22)
Corresponding mode functions are given by
hLD(n)(z)hR
D(n)
(z)
hˆD(n)(z)

 = 1√
2 rD(n)

 cos θHC ′(z;λD(n))− cos θHC ′(z;λD(n))
−√2 sin θH Sˆ ′(z;λD(n))

 , Sˆ ′(z;λ) = C(1;λ)
S(1;λ)
S ′(z;λ),
rD(n) =
∫ zL
1
kdz
z
{
cos2 θHC
′(z;λD(n))
2 + sin2 θH Sˆ
′(z;λD(n))
2
}
. (B.23)
Higgs (H) tower The spectrum of the Higgs tower is determined by
λH(n)S(1;λH(n)) = 0 , (B.24)
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which includes the zero mode λH(0) = 0 for the 4D Higgs boson H = H
(0). The mode
functions are
uH(0)(z) = uH(z) =
√
2
k(z2L − 1)
z , (B.25)
for the 4D Higgs boson, and
uH(n)(z) =
1√
rH(n)
S ′(z;λH(n)), rH(n) =
∫ zL
1
kdz
z
S ′(z;λH(n))
2 , (B.26)
for KK-excited states (n ≥ 1).
B tower The B tower spectrum and corresponding mode functions are given by
C ′(1;λB(n)) = 0, λB(n) 6= 0. (B.27)
uB(n) =
1√
rB(n)
C ′(z;λB(n)),
rB(n) =
∫ zL
1
kdz
z
C ′(z;λB(n))
2. (B.28)
C WAVE FUNCTIONS OF FERMIONS
Wave functions of KK towers of fermions are expressed in terms of CL(z;λ, c) and SL(z;λ, c)
in (A.3) for left-handed components and CR(z;λ, c) and SR(z;λ, c) for right-handed com-
ponents.
C.1 Quark-lepton towers
Wave functions for the KK tower of an up-type quark t (top) are given by


UL(x, z)
BL(x, z)
tL(x, z)
t′L(x, z)

 ⊃
√
kz2√
rt(n)


a
(n)
U C
(2)
L (z, λt(n))
a
(n)
B C
(1)
L (z, λt(n))
a
(n)
t C
(1)
L (z, λt(n))
a
(n)
t′ S
(1)
L (z, λt(n))

 t(n)L (x) ≡
√
kz2


f
(n)
UL
(z)
f
(n)
BL
(z)
f
(n)
tL (z)
f
(n)
t′
L
(z)

 t(n)L (x) ,


UR(x, z)
BR(x, z)
tR(x, z)
t′R(x, z)

 ⊃
√
kz2√
rt(n)


a
(n)
U S
(2)
R (z, λt(n))
a
(n)
B S
(1)
R (z, λt(n))
a
(n)
t S
(1)
R (z, λt(n))
a
(n)
t′ C
(1)
R (z, λt(n))

 t(n)R (x) ≡
√
kz2


f
(n)
UR
(z)
f
(n)
BR
(z)
f
(n)
tR (z)
f
(n)
t′
R
(z)

 t(n)R (x) ,
rt(n) =
∫ zL
1
dz
{
a
(n)2
U C
(2)
L (z, λt(n))
2 + (a
(n)2
B + a
(n)2
t )C
(1)
L (z, λt(n))
2 + a
(n)2
t′ S
(1)
L (z, λt(n))
2
}
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=∫ zL
1
dz
{
a
(n)2
U S
(2)
R (z, λt(n))
2 + (a
(n)2
B + a
(n)2
t )S
(1)
R (z, λt(n))
2 + a
(n)2
t′ C
(1)
R (z, λt(n))
2
}
.
(C.1)
Here C
(i)
L (z, λt(n)) = CL(z;λt(n) , ci), S
(i)
R (z, λb(n)) = SR(z;λb(n) , ci), etc., and other towers of
QEM =
2
3
e fermions have been suppressed. The common factors are given by


a
(n)
U
a
(n)
B
a
(n)
t
a
(n)
t′

 =


−√2µ˜qC(1)L /µq2C(2)L
(1− cos θH)/
√
2
(1 + cos θH)/
√
2
− sin θHC(1)L /S(1)L

 ,
C
(i)
L ≡ CL(1;λt(n) , ci) , S(i)L ≡ SL(1;λt(n) , ci) , (C.2)
where λt(n) satisfies
(µq2)
2CL(1;λt(n) , c2)
{
SR(1;λt(n), c1) +
sin2 θH
2SL(1;λt(n) , c1)
}
+(µ˜q)2CL(1;λt(n) , c1)SR(1;λt(n), c2) = 0 , (C.3)
or for c1 = c2 ≡ ct
2
{
1 +
(µq2
µ˜q
)2}
SL(1;λt(n), ct)SR(1;λt(n) , ct) +
(µq2
µ˜q
)2
sin2 θH = 0 . (C.4)
For a down-type quark b (bottom) we have


bL(x, z)
XL(x, z)
DL(x, z)
b′L(x, z)

 ⊃
√
kz2√
rb(n)


a
(n)
b C
(1)
L (z, λb(n))
a
(n)
X C
(2)
L (z, λb(n))
a
(n)
D C
(2)
L (z, λb(n))
a
(n)
b′ S
(2)
L (z, λb(n))

 b(n)L (x) ≡
√
kz2


f
(n)
bL
(z)
f
(n)
XL
(z)
f
(n)
DL
(z)
f
(n)
b′
L
(z)

 b(n)L (x) ,


bR(x, z)
XR(x, z)
DR(x, z)
b′R(x, z)

 ⊃
√
kz2√
rb(n)


a
(n)
b S
(1)
R (z, λb(n))
a
(n)
X S
(2)
R (z, λb(n))
a
(n)
D S
(2)
R (z, λb(n))
a
(n)
b′ C
(2)
R (z, λb(n))

 b(n)R (x) ≡
√
kz2


f
(n)
bR
(z)
f
(n)
XR
(z)
f
(n)
DR
(z)
f
(n)
b′
R
(z)

 b(n)R (x) ,


a
(n)
b
a
(n)
X
a
(n)
D
a
(n)
b′

 =


−√2µq2C(2)L /µ˜qC(1)L
(1− cos θH)/
√
2
(1 + cos θH)/
√
2
sin θHC
(2)
L /S
(2)
L

 ,
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C
(i)
L ≡ CL(1;λb(n), ci), S(i)L ≡ SL(1;λb(n), ci) ,
rb(n) =
∫ zL
1
dz
{
a
(n)2
b C
(1)
L (z, λb(n))
2 + (a
(n)2
X + a
(n)2
D )C
(2)
L (z, λb(n))
2 + a
(n)2
b′ S
(2)
L (z, λb(n))
2
}
=
∫ zL
1
dz
{
a
(n)2
b S
(1)
R (z, λb(n))
2 + (a
(n)2
X + a
(n)2
D )S
(2)
R (z, λb(n))
2 + a
(n)2
b′ C
(2)
R (z, λb(n))
2
}
. (C.5)
The spectrum is determined by
(µ˜q)2CL(1;λb(n) , c1)
[
SR(1;λb(n), c2) +
sin2 θH
2SL(1;λb(n), c2)
]
+(µq2)
2CL(1;λb(n) , c2)SR(1;λb(n), c1) = 0 , (C.6)
or for c1 = c2 = ct
2
{
1 +
(µq2
µ˜q
)2}
SL(1;λb(n), ct)SR(1;λb(n), ct) + sin
2 θH = 0. (C.7)
For a lepton mupltiplet (ντ , τ), the wave functions are given by the following replace-
ment rules; 

U
B
t
t′

→


ντ
L2Y
L3X
ν ′τ

 ,


b
D
X
b′

→


L3Y
τ
L1Y
τ ′

 ,
(µ˜q, µq2)→ (µℓ3, µ˜ℓ) , (µq3, µq1)→ (µℓ1, µℓ2) ,
(c1, c2)→ (c4, c3) . (C.8)
C.2 Dark fermions (SO(5)-spinor fermions)
The spectrum of the KK tower of the dark fermion ΨFi is determined by
CL(1;λi,n, cFi)CR(1;λi,n, cFi)− sin2
θH
2
= 0 . (C.9)
Its KK expansion is given by
ΨFi,R(x, z) =
√
kz2
∞∑
n=1




f
(n)
i,lR(z)
0
f
(n)
i,rR(z)
0

F+(n)i,R (x) +


0
f
(n)
i,lR(z)
0
f
(n)
i,rR(z)

F 0(n)i,R (x)


,
ΨFi,L(x, z) =
√
kz2
∞∑
n=1




f
(n)
i,lL(z)
0
f
(n)
i,rL(z)
0

F+(n)i,L (x) +


0
f
(n)
i,lL(z)
0
f
(n)
i,rL(z)

F 0(n)i,L (x)


, (C.10)
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where (
f
(n)
i,lL(z)
f
(n)
i,lR(z)
)
=
i sin 1
2
θHSL(1)√
ri
(
CL(z)
SR(z)
)
=
cos 1
2
θHCR(1)√
r′i
(
CL(z)
SR(z)
)
,
(
f
(n)
i,rL(z)
f
(n)
i,rR(z)
)
=
cos 1
2
θHCL(1)√
ri
(
SL(z)
CR(z)
)
=
i sin 1
2
θHSR(1)√
r′i
(
SL(z)
CR(z)
)
,
ri =
∫ zL
1
dz
{
sin2 1
2
θHSL(1)
2CL(z)
2 + cos2 1
2
θHCL(1)
2SL(z)
2
}
=
∫ zL
1
dz
{
sin2 1
2
θHSL(1)
2SR(z)
2 + cos2 1
2
θHCL(1)
2CR(z)
2
}
,
r′i =
∫ zL
1
dz
{
cos2 1
2
θHCR(1)
2CL(z)
2 + sin2 1
2
θHSR(1)
2SL(z)
2
}
=
∫ zL
1
dz
{
cos2 1
2
θHCR(1)
2SR(z)
2 + sin2 1
2
θHSR(1)
2CR(z)
2
}
. (C.11)
Here CL(z) = CL(z;λi,n, cFi), SR(z) = SR(z;λi,n, cFi), etc.
D GAUGE COUPLINGS
In this appendix we summarize the couplings of quarks and leptons to the gauge bosons
and their KK excited states, which are necessary in evaluating dilepton events associated
with the production of the Z ′ bosons in Sec. 4. All four-dimensional gauge couplings of
quarks and leptons are obtained from∫ zL
1
dz
√
Gem
µ
∑
a
¯˜ΨaΓ
m
(
gAA˜µ + gBBµQX
)
Ψ˜a (D.1)
by inserting the wave functions of gauge bosons (B.4) and those of fermions in Appendix
C. Contributions coming from the interactions of the brane fermions are negligibly small,
and can be dropped below.
D.1 γf¯f couplings
The couplings between the n th KK photon and quarks are given by
Aγ(n)µ (x)
∫ zL
1
dzgA
∑
i=1,2
Ψ¯i
{
hLγ(n)T
3L + hRγ(n)T
3R +
gB
gA
hBγ(n)QX
}
γµΨi
⊃ Aγ(n)µ (x) gw
√
L
∫ zL
1
dz
[
t¯Lγ
µtL(x)
{
1
2
hLγ(n) (ftLftL + fULfUL − fBLfBL)
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+
1
2
hRγ(n)
(
fBLfBL + fULfUL − ftLftL
)
+
gB
3gA
hBγ(n)
(
2fBLfBL + 2ftLftL + 2ft′Lft′L − fULfUL
)}
+b¯Lγ
µbL(x)
{
1
2
hLγ(n)
(
fXLfXL − fbLfbL − fDLfDL
)
+
1
2
hRγ(n)
(
fDLfDL − fXLfXL − fbLfbL
)
+
gB
3gA
hBγ(n)
(
2fbLfbL − fDLfDL − fb′Lfb′L − fXLfXL
)}]
+ (L→ R) . (D.2)
(L→ R) means that the wave functions of the left-handed fermions (fiL) are changed to
those of the right-handed fermions (fiR). The couplings between the photon (n = 0) and
fermions are the same as those in the SM. Similarly the couplings between the n th KK
photon and leptons are given by
Aγ(n)µ (x) gw
√
L
∫ zL
1
dz
[
ν¯τLγ
µντL(x)
{
1
2
hLγ(n)
(
fντLfντL + fL3X,LfL3X,L − fL2Y,LfL2Y,L
)
+
1
2
hRγ(n)
(
fντLfντL + fL2Y,LfL2Y,L − fL3X,LfL3X,L
)− gB
gA
hBγ(n)fντLfντL
}
+τ¯Lγ
µτL(x)
{
1
2
hLγ(n)
(
fL1X,LfL1X,L − fL3Y,LfL3Y,L − fτLfτL
)
+
1
2
hRγ(n)
(
fτLfτL − fL1X,LfL1X,L − fL3Y,LfL3Y,L
)
−gB
gA
hBγ(n)
(
fτLfτL + fτ ′Lfτ ′L + fL1X,LfL1X,L
)}]
+ (L→ R)
= Aγ(n)µ (x) gw
√
L
∫ zL
1
dzτ¯Lγ
µτL(x)
{
1
2
hLγ(n)
(
fL1X,LfL1X,L − fL3Y,LfL3Y,L − fτLfτL
)
+
1
2
hRγ(n)
(
fτLfτL − fL1X,LfL1X,L − fL3Y,LfL3Y,L
)
−gB
gA
hBγ(n)
(
fτLfτL + fτ ′Lfτ ′L + fL1X,LfL1X,L
)}
+ (L→ R) . (D.3)
In the last equality, the use of the explicit form of the wave functions ντ and the coupling
relation (B.5) has been made. Neutrinos do not couple to γ(n) as expected.
D.2 Zf¯f couplings
The couplings between Z(n) and quarks are given by
Z(n)µ (x) gw
√
L
∫ zL
1
dz
[
t¯Lγ
µtL(x)
{1
2
hLZ(n) (ftLftL + fULfUL − fBLfBL)
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+
1
2
hRZ(n) (fBLfBL + fULfUL − ftLftL) + hˆZ(n)
(
fBLft′L + ftLft′L
)
+
gB
3gA
hBZ(n)
(
2fBLfBL + 2ftLftL + 2ft′Lft′L − fULfUL
) }
+b¯Lγ
µbL(x)
{1
2
hLZ(n) (fXLfXL − fbLfbL − fDLfDL)
+
1
2
hRZ(n) (fDLfDL − fXLfXL − fbLfbL) + hˆZ(n)
(
fDLfb′L − fXLfb′L
)
+
gB
3gA
hBZ(n)
(
2fbLfbL − 2fDLfDL − 2fb′Lfb′L − fXLfXL
) }]
+(L→ R) . (D.4)
Similarly the couplings between Z(n) and leptons are given by
Z(n)µ (x) gw
√
L
∫ zL
1
dz
[
ν¯τLγ
µντL(x)
{
1
2
hLZ(n)
(
fντLfντL + fL3X,LfL3X,L − fL2Y,LfL2Y,L
)
+
1
2
hRZ(n)
(
fντLfντL − fL3X,LfL3X,L + fL2Y,LfL2Y,L
)
+ hˆZ(n)
(
fL2Y,Lfν′τL + fL3X,Lfν′τL
)
−gB
gA
hBZ(n)fντLfντL
}
+ τ¯Lγ
µτL(x)
{
1
2
hLZ(n)
(
fL1X,LfL1X,L − fτLfτL − fL3Y,LfL3Y,L
)
+
1
2
hRZ(n)
(
fτLfτL − fL1X,LfL1X,L − fL3Y,LfL3Y,L
)
+ hˆZ(n)
(
fτLfτ ′L + fL1X,Lfτ ′L
)
−gB
gA
hBZ(n)
(
fτLfτL + fL1X,LfL1X,L + fτ ′Lfτ ′L
)}]
+ (L→ R) . (D.5)
D.3 ZRf¯ f couplings
The couplings between Z
(n)
R and quarks are given by
Z
(n)
Rµ (x) gw
√
L
∫ zL
1
dz
[
t¯Lγ
µtL(x)
{
1
2
hL
Z
(n)
R
(ftLftL + fULfUL − fBLfBL)
+
1
2
hR
Z
(n)
R
(fBLfBL + fULfUL − ftLftL)
+
gB
3gA
hB
Z
(n)
R
(
2fBLfBL + 2ftLftL + 2ft′Lft′L − fULfUL
)}
+b¯Lγ
µbL(x)
{
1
2
hL
Z
(n)
R
(fXLfXL − fbLfbL − fDLfDL) +
1
2
hR
Z
(n)
R
(fDLfDL − fXLfXL − fbLfbL)
+
gB
3gA
hB
Z
(n)
R
(
2fbLfbL − fDLfDL − fb′Lfb′L − fXLfXL
)}]
+ (L→ R) . (D.6)
The couplings between Z
(n)
R and leptons are
Z
(n)
Rµ (x) gw
√
L
∫ zL
1
dz
[
ν¯τLγ
µντL(x)
{
1
2
hLZ(n)
(
fντLfντL + fL3X,LfL3X,L − fL2Y,LfL2Y,L
)
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+
1
2
hRZ(n)
(
fντLfντL − fL3X,LfL3X,L + fL2Y,LfL2Y,L
)
+ hˆZ(n)
(
fL2Y,Lfν′τL + fL3X,Lfν′τL
)
−gB
gA
hBZ(n)fντLfντL
}
+ τ¯Lγ
µτL(x)
{
1
2
hLZ(n)
(
fL1X,LfL1X,L − fτLfτL − fL3Y,LfL3Y,L
)
+
1
2
hRZ(n)
(
fτLfτL − fL1X,LfL1X,L − fL3Y,LfL3Y,L
)
+ hˆZ(n)
(
fτLfτ ′L + fL1X,Lfτ ′L
)
−gB
gA
hBZ(n)
(
fτLfτL + fL1X,LfL1X,L + fτ ′Lfτ ′L
)}]
+ (L→ R) ., (D.7)
D.4 A4ˆf¯f couplings
All couplings of quarks and leptons to A4ˆ(n) vanish.
D.5 Wf¯f couplings
The coupling of quarks and leptons to W (n)− are given by
W (n)−µ (x)
gw
√
L√
2
∫ zL
1
dz
[
b¯Lγ
µtL(x)
{
hLW (n) (fbLftL + fDLfUL)
+hRW (n) (fbLfBL + fULfXL) + hˆW (n)
(
fbLft′L − fb′LfUL
)}
τ¯Lγ
µντL(x)
{
hLW (n)
(
fτLfντL + fL3X,LfL3Y,L
)
+ hRW (n)
(
fL1X,LfντL + fL2Y,LfL3Y,L
)
+hˆW (n)
(
fL3Y,Lfν′τL − fτ ′LfντL
)}]
+ (L→ R) . (D.8)
The couplings of W (n)+ are given by the Hermitian conjugate of (D.8).
D.6 WRf¯f couplings
The couplings between W
(n)−
R and quarks are given by
W
(n)−
Rµ (x)
gw
√
L√
2
∫ zL
1
dzb¯Lγ
µtL(x)
{
hL
W
(n)
R
(fbLftL + fDLfUL) + h
R
W
(n)
R
(fbLfBL + fULfXL)
}
+(L→ R) = 0 . (D.9)
In the last equality the use of the explicit form for wave functions has been made. Similarly
for leptons the couplings are
W
(n)−
Rµ (x)
gw
√
L√
2
∫ zL
1
dzτ¯Lγ
µντL(x)
{
hL
W
(n)
R
(
fτLfντL + fL3X,LfL3Y,L
)
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+hR
W
(n)
R
(
fντLfL1X,L + fL2Y,LfL3Y,L
)}
+ (L→ R) = 0 . (D.10)
In other words, the couplings between W
(n)
R and quarks or leptons vanish.
E HELICITY AMPLITUDES
Here we provide formulas useful for calculations of cross sections discussed in this paper.
We begin with the following interaction between a massive gauge boson (Aµ) with mass
mA and a pair of the SM fermions,
Lint = JµAµ = f¯γµ(gAfLPL + gAfRPR)fAµ. (E.1)
A helicity amplitude for the process f(α)f¯(β)→ F (δ)F¯ (γ) is given by
M(α, β; γ, δ) = gµν
s−m2A + imAΓA
Jµin(α, β)J
ν
out(γ, δ), (E.2)
where α, β (γ, δ) denote initial (final) spin states for fermion and antifermion, respectively,
and ΓA is the total decay width of the A boson. We have used the ’t Hooft–Feynman
gauge for the gauge boson propagator and there is no contribution from Nambu-Goldstone
modes in the process with the massless initial states.
The currents for initial and final states are explicitly given by
Jµin(+,−) = −
√
sgAfR(0, 1, i, 0) ,
Jµin(−,+) = −
√
sgAfL(0, 1,−i, 0) , (E.3)
and
Jµout(+,−) = −
√
sgAFR(0, cos θ,−i,− sin θ),
Jµout(−,+) =
√
sgAFL(0,− cos θ,−i, sin θ) , (E.4)
where θ is the scattering angle and f(F ) denotes a flavor of the initial (final) state of
fermions.
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